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ABSRUCT 

A Large number of handbooks have been vrftten on 
the subject of designing solar heating and cooling 
systems for buildfnns. 

qesiqn Xoproaches for Solar ‘Lnduserfal Process 
F?eat Systems, published in September 1982, addresses 
the complete spectrum of probfems associated with the 
design of a solar WY system. This votk present3 a 
hii?hly general method, derived from computer sfmula- 
CFons, for determining actual energy delivered to the 
process load. Also covered are siting and selection of 
subsystem components, cost estimation, safety and 
znvironnental considerations, and installation con- 
terns. This paper is intended to give an overview of 
the design methodology developed and provide some spe- 
cific examples of technical issues addressed. 

collector area (m2) 

heat exchanger area (m') 

cost of collectors (S/m*) 

cost of heat exchanger (S/m2) 

product 
sod ‘Loss 

of colLector heat, re?aoval factor 
coefficient (W/m’-deg C) 

coilector 0pcical efficiency 

a correctCon factor which accounts for tSe 
prcsence of 3 heat exchanger or the 
particular effects of an unfired-boiler or 
flash-team systm CF S = 1 for a direct 
hot water system *with no heat Pxchanger) 

DeiJinter heat exchange factor 

average annual irradiation: co tal hoti- 
zoncal for flat plates and evacuated 
tubes, direct nomal Eor moughs (!?/a~'> 

heam F rrsdiance 

,gLobal itradiance on a horizontal surface 

thermal capacitance 0E coLl+ztors 

therm1 -apaci:ance load flow rata 

the--al capacitance of piping 

x opcr 

. 
9, 

. 
qc,ideal 

(ir. 

iload 

Ta 

Tad 

*Fn 

Tl,r 

T set 

VXF, o :?A 

‘JO 

u star 

number of days of system operation per 
year 

average hourLp energy collectioq, (during 
daylight hours) for the year (V/m’) 
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overall heat-loss coefficient for siorage 
tank (W/&deg C) 

TllTROWCnOI 

In 1976, the 7-S. Ceoartnent of Energy began 
fundine a number of solar industrial ?roco,ss heat 
(IPHI field :ests. SERI 5eqan supporting ctris program 
in 1979 by PtOVidinQ technical support during design 
revfew and by specifving data acquisition (i) and 
monthly performance reporting roquireneats (2). SfTil 

aLso studied and reported tSe operational results of 
the Cirst seven hot vatar and hot air projects (3). 

To help system 2estgners avoid tfstakes &e fn 
earlier prefects and fmprove the quality 3f their 
lesigns, SERI, after 5oLiciting input Croa other 30E 
laboratories and Fndustrv, oublished a Zocument CO?’ 
:ainLng 5asis qualitatfve design gufdellnes tL>. Te 
next ohvtous need was a riecaiLed quantitativy <esF~n 
9andSook similar to those ?tevtousLy -repared f;7r 
soiar Ilot 7at2r, space ieattnq, and cooling mplica- 
:ims of hi1Jinqs (For dxanole, Pefs. i and 3. 
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needed to store load-return fluid.) In a veriable- 
volume tank design, the proper collector flow rate 
3epends on the Load reauirerntnt 5uc should be ad justed 
throughout the year as the hours of daylight change. 

Steam . . S’W teus can be configured with an unfired 
‘loilrr or a flash tank as shown in Figs. 2a and 25. 
Ln an unfired-boFLer con?iguration, a high-temverarute 
heat transfer fluid is ‘heated in the collectors and 
heat is transferred to the feedwater in a boiler. In 
the flash-tank configuration, preseurized water heated 
in the collectors is passed across a throttling valve, 

uhere it drops in pressure and flashes to steab in the 
flash tank. 

If storage is desired for an unfired-boiler sps- 
terra, a combined oil/rock storage is probably best to 
save .on the costs of oil. Slumlatlons of unflred- 
hailer systems using parabolic troughs with the SOLSPB 
computer nodal (G) indicate that the therzocline in 
such a tank improvesperformance by only about j%over 

t.hat of a mixed tank. This Is because the return oil 
temperature from the unfired boiler is not usually far 
blow cSe steam saturation temperature, and the 
efficiency of the troughs fs relatively fnsensftioe to 
the range of temnerature chat the thermocline would 
provide. .A flash-tank system would not have storage 
other than the small inventory La the flash tank. 

The handbook also discusses hov the process and 
solar system can be interfaced. ‘Using the collectors 
CD preheat tSe auxiliary boiler maximizes coLlector 
efficiency. T&cause hot vatar IPEI applications typi- 
cally have constant Load-return temperatures, a series 

configuration (or parallel with bypass) perforw 
better than a parallel system (se8 Fig. 3). On the 
other hand, fn an unfired-boiler system, uhere 
assentially 30 preheating fs done and nose heat 
transfer occ*urs at the saturated steam temperature, a 
paraLLa configuration is ideal. 

A frequent concern in th8 design of solar IPB 
spstemt is that tSe reduced firfnq rat8 of tha 

auxiliary boiler in a series configuration vi11 result 
in reduced efficiency. I!78 handbook authors found, 
hoveve r, that the drop in boiler efficiency at low 
cf*fng rates Ls very small. --w.. In Fact SOLIPH runs show 
that, in B svstem containing storage, total f;le 1 
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Fig. 3 Coafiguratloa of Solar IYE System and Backq 
Bailer8 

savings actually increase as the minimu3 boiler 2iring 
rate CS reduced because this llLOU.3 the s toraqe 
tecuerature to he drawn dovn lower, t%ereh? Fxraasinrz 

colLector efficiency. kLs Ls rho& far several test 
cases in Ff;r. 4. 

ENERGY COLLECTION/DELIVRRP 

Detailed descrintlons of flat-plate, evacuatad- 
tuhe, and paraboLic trouqh collectors are given Ln tSe 
handbook. Tllousands of runs vere made of the hour-by- 
hour simulation program SOLIPR for 2fi ??fY (Typfcal 
!18t8OrOhgiCal Year) sites and a range of collector 
optical efficiencies and heat-loss CO8ffi- 
cients (2). %uirlcal performance correlations uere 
d8V8lOped by pertonnfng a mltfvariable regression 
analpsfd of the computer output. (?esuLts are shown 
in ?fsj. 3.) ?or a given collector and climate, the 
user calculates the &Lue of the tntensity ratio, 

where 

F” x - ?‘C sLqpe oi collector e?ficienc:r c*zve 
I.. , 

T 
* = ivetaee iilnual trtadiat5x-t: 2tal +or?- 

ZOTltril :3t 'Iat 3:dC+S md ~vactrqt.?fl 

tubes, riirect zorxal for troughs (:;;3-! 
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?fg. 4 Effect of Firing Rate of Auxiliary Boiler on 
Annual Znergy Smvlng8 foe a Hired-lank System 

2000 

t 

%l * Load-return temuetatute (or saturated 
steam temperature) (deg C) 

'i; 
-ad - average annual daytime ambient tempeta- 

iure (deq C). 

Fsinq :his as the abcissa in-the graph, ttie user t5en 
xoves vertically to the curve appropriate for the 
calle$ior type- and site Latitude. me ordinate 1s 
then. q,,‘F-F 3 Al& for flat plates and evacuated tubes 
and qc/PgFRno(Ib + 50) for troughs, vhere 

; 2 
= aversqe hourly energy collection, (during 

daylight hours) for the year (X/m-) 

7 a3 
S ccl rrec tion factor rhicb accbuncs f0t 

:he Zresenco of a heat exchanger 3t the 
particular effects of an unfired-boiler 
or flash-steam system (Fs = 1 for a 
dir3c!Z hot titer system with no heat 
exchanger). 

:!:JI: ioiying :h$ ordinate by the denominator gives 
qc.I!ultipLying qc by 4380 (number of daylight hours in 
a :-ear) and the collector area gives the annual energy 
collection of an ideal system (infinite storage or 
constant collector inlet temperature). 

7* .,gure 5 assumes qpical incidence angle nodtfIers 
for :he various collector types. but a 2eans is 
descrtbed in the handbook for correctf,ng the n value 
ised on the :ncidence angle modifier cume "of the 
cz1Lector ciosa~. In addition, 3 stsple nodification 
3: lie 7$o and 7?[Jt values allSous collector arrav 
31m31:r and Cntilrn bf.~ing losses 3nci daytime storage 
?Jsses to be :ncl.uded. Corrections for row-to-row 

3hadiz1g losses and parabolic trough end Losses are 
rtls-, 3rovt.ieti. 

4 si39Le tethod alLows tSe user to calculate the 
Ilr?C!Si collectx area possiile Sefore storage t-3 
7.2er'eJ. 
2 

Zzr?et ColLeccor a,reas vould require anecy 
msin.7, and :Se value of uc would actualiy 5e the 

e5rr7 ?aliver ed 
-3 

by a vvstem M.th infinite storage. 
?Ct?llnt <3r stDr3qe effects, several traphs are 

7r37illzd XhfCS mvet the t5ree collector types and two . L:XX! 7roffles: 3 h/day, 
ClcIys ,iTe_OC. 

7 days/week and ".i i/lap, 7 
(,Gcaphs for a T-iayfrJcek profila are ieinq 

‘evel~ped. ! . . An exazlple is shown in Pig. 5. 

I I 1 ! I I I 
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Fig. 5 Graphical lktereinatfoa 0 
Rtargy Colhctioo Rate (u/u 1 

Yearly Average 
) Baring Ihylight 

Boars for Unshaded Vlat Plates, Evacuated 
Tubes, and Parabolic Thughe as a Fimctioo of 
Intensity Ratio 

pig. 6 Annual riecircdatioa System StorageJ,oad 
:%dl,Ffer for Flat Plates 
( Y-zte-shie's Load ?roiilz [2: !1/i!a::j Jperar- 

tng seven .!avs pr veek) 

3 



Several recent publLc2tions have addressed part of 
:Se aroblea. one report (7) provides a simble 
procedure for escinatinq energ collection for a hot 
*dater preheating systrm containing no storage. 
Anot!ier (2) ?rovides a computer-generated design tool 
5cr Fredictinq energy colLection of a parabolic trough 
array supplyIng heat to an unfired-boiler system. And 
a third (2) describes a means for predicting energy 
collection by an array of parabolic trough or 
stationarv collectors for hot vater and unfired-boiler 
sys teas in Texas (based on results for three Texas 
cities). 

The design handbook discussed in this paper, 
De3izn bporoaches for Solar Industrial Zrocess Sat 
Systems published in September 1982 (21, covers not 
only energy sollection but also provldes ,s cmaas of 
predicting enernp actually delivered to the load. It 
also describes in detail the other importaat aepects 
involved in the design of a solar IPFI system. Items 
covered are suitability assessment, configuration 
alternatfves, energy collectioa/delivery, energy 
transport systems (plofnu, fluids, pumps, valves, he2t 
exchangers, and storage), contra Ls, installation/ 
startup, economic3 and co3ting, and safety and 
environmental concerns. 

TSe arrangement 3 P tfie handbook allows the 
desi.gner to first devise a rough conceptual design 
(choosing a spstem configuration and collector type 
and estimating energy collection) to deternine feasi- 
bility and then cre2t2 t3e prelimiaary des Fqn 
(detailed energy calculations and sizing of subsystem 
components). T3is paper summarizes the technical 
issues addressed in the various sectfoas 02 the 
handbook. 

In considering :he use of solar energy to supply 
heat for an industrial process, it fs useful to con- 
duct a brief preliminary study to determine l vhether a 
solar energy system might be feasible. Erwironmental 
factors, such as amount of solar radiation and (to a 
lSSSC?Y extent) ambient temperatures, are obvious 
lnf’.-lenc2s. ‘Tot as Dbvfous are the effects of plant 
Sf”:Ur?nCs and ocher anosoheric polLutants on col- 
lo,Ct:Yr aet?onance, oarticularly in the case of 
c3ncetltrac3rs. Exposure testing of samole zwerials 
ai :;ie qotential si,te Ls highly recommended. 

?t3ces 3 factors relevant to the performance of a 
50Lar 73 systca include Load-return temperature, load 
schedule, ease of fnterface, and Location of available 
Land. Low-C2muerature Loads tSat operate seven days 
per Veek and have high demand during daylight hours 
are Meal. 

3f course, economics olays a major role. If the 
fuel currently being used co supply the process heat 
Fs expensive or suhiect to curtailment, a solar energy 
system VU.1 have a higher rate of return. A $.ant 
:kat ‘las already tncorsorated all passiSle economical 
enerty conservation leasure is aore li!ceip to cbn- 
jider the use of solar energy to ftirther reduce Costs. 

iinal IV) the individual comuany VviLL greatly 
?etetr?fne the success of tSe bro ject. in in-iouse 
ensineertnq design team could c;lt design costs, and an 
2vaiLahLe maintenance staff can ensure smooth oDer3- 

-<on. Above ail, management Test have a strong tntar- 
?-St Ir: t4e s:xcess of :he project. 

SYSTZ!! CONFTGZZtATfON 

30 !3r 4oc ‘*rater and steam systems can ie :onfig- 
.zreA* ;p* ,a ..*a-- &,ety 3f 7aays. 'WC235 hot irater can Zov 
~irtcclv :Smuqh cSe coLL+ctars 3r ie :leatad iv 9 heat 
axchanger. Tile fnLioving freeze-TrotectiDn syst2m.s 
rr5 oossi’3le: close+l3op use of a nonfreezing flub?, 
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pig. lc Variable-Volume Storage CoPfiguration 

drain-out (disposal) of fluid if the collectors are 
pressurized, or drain-back to a solar storage eank or 
small reservol r. Xn addition, nighttime circulation 
can he used irr noderate climates. 

If storage Fs used, the tnical arrangement of .a 
3ingLe tank :Jit?I tTJb inlets and two outlets is simple 
:o control and 13 Zinc for a nnall Load AT (se0 
rf;z. La). T+e inlet and outlet pines can 5e comhfned 
into one tach alloving for storage to be bypassed as 
3 howu fzl Ffz. 15. 3is syrtem offers some47at htttr 

- 
?errormance but requires additional controls to he 
fxily opt:inFzed, 

berformance can be tnuroved frtrrher by .oaintaining 
a :he-oc’ i?e in L. *. :Fre :ank. 3is can ‘7e diffFcuif; 
‘lcwever, an a I:zrnatlve t; t9 ilse a x9riabLe-v.'lLcline 
t.tnk, as 3?!own Lrl . 'iz. !c. Thet~or c)r wc there is c', 
load Aemanrt, ioad vatec can r’lov :Srough the ~:aI?ac- 
:3rs :3 be heat+d and 3 cored ',zl the qwriable-f0Luo.e 
:w.k. l-its 'keeus :Se c3ltzct3r !nLet tamnerature 3: 
cSe xbso Lste ai~imsn, :9,us . . Ti-xlarriYq array effL- 
.:Fewr. (If :+e Laad Looo uses recFr:uiacF~ water, 9 
variable-*to!.~me tank an the .-,nLlsctnr ;-l*r ;L?s -..a-- is 
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The user calculates ic,i,jeaL X,/&oad, the rat10 
of the averaqe energy-collection rate by an infinite 
storage system to the average load-demand rlit2 to get 
the abcissa. . iyt! ?US t aLs0 determine tvo botiter 
Juanttt’,ss: 

(‘*!CJstor !:!CnLoad 
ASFU and 

CZRL 
AFFU ’ 

CKRL 

(yJstor = thermal capacitance of storage 

(2) 

i, = 
(Xi + ULAc + GAO) (Ti - T 

set > 
($1 I ZWF - Ts) - ln(Tsat - ra) ’ 

where 

i, = heat loss rate (:?) 
IA 

ambient temperature vhen 
tion is used (deg C) 

freeze protec- 

Ti = recirculation fluid temperature (deg C) 

& ) 
p load = chemal capac 1 rance load f2ou 

rate. 

uL = heat loss coefficient of collactots 
(a/m’-?c.) 

% = collector area (in’) 

T set = temperature set point for rectrculaeion 
(deft Cl 

The value of b, must be muitioli2d by the number of 
hours each year ?hat the freeze-protection system will 
Se used. Since the ret point will be above 0 deq C, 
this gill be a Little higher than the number of hours 
of freezing temperatures per year. Since the nwtber 
of days below freezing is readily available for Post 
sites, a correlation betveen hours of freezing per 
year and freezing days was developed to allow the user 
to estimate tSe total annual freeze-protection Loss. 

where 

?T 
oper a 

‘3, = 

number of days of system operation per 

year (300 I3 a conservative assumption) 

ntmher of 4aps per year the starage tank 
wtll be hot and Lose heat (335 :s a con- 
seaat:ve assumption) 

avarage nighttime ambient tznperature. 

average wmperature outside storage tank. 

The f3ct3r I.5 in tSe Final t2Tn is tie average number 
3r’ noaooeracional, bow3 per day that- :hc 3mrage tank 
ioses “.eat. 

T-31: 5;rstms usinq nighttime cirz~lacim far fr2eze 
orotdction, the average Seat loss rate, .Jhe?l _ :sP 

systs!l i3 13 9?eratfon, can 562 zonservati*reLv 
expr2ssed 3s: 

For all calculations ‘we have assumed that the 
solar energy will 3e completely utilized by the pro- 
cess and the collectors will never be don for repairs 
during sunlight hours. The terms utilfzacion and 
availability account for deviations from thfs ideal 
situation. The handbook shows how to estimate these 
effects. %en one multiplies utiltzation bp availa- 
bility, one get3 the overall spstam capacity factor. 
Yultiplpinq the capacity factor by the energy deiCv- 
ered, .as calculsred above (energy coLlection minus 
losses), result3 Ln a more realistic estimate. 

The various field piping layouts shown in rig. 7 
(direct return, reverse return, and center feed) are 
discussed in the handbook. (Xote that tn the reverse 
return system the extr a pfping is on the cold side to 
minimize heat losses.) It is recommended that pines 
be sized to the arosion-cortosion velocity Limit, 
since economic optimization ePJdies !tave resulted Fn 
veloci tias greater than this reasonable value . 
T’Jntcal thicknesses of ?ipe insulation are given as Ls 
a nreans for detemininq the economicaily optimum fnsu- 
LatLon thickness. Tables are supplied that gF7e trte 
!YA vaLues for different pipe sizes and fnsula:fon 
thFcknesses. ?iese L‘X values 3lLow the :alcuI.at:w of 
steady-s tace and overnight ?iofng losses. 

&at Transfer FLui& 
Yanv ‘i?Y svst3m ciesiqzzers Save soe%t 3 Tczat !eaL 

of :3e eqraluacizg he2t :ransfer fluids. i~dvantages 
*nd ?isadvantaqes of e_he ‘various ‘lest transfar ‘LuF,‘s 
ar2 discussed !n the ‘?.=nebooL., and ieat ‘1r33sler *fZi- 

c i PrlC’7 -- factors (:I.TYF) ar3 :f:2n. X zomaL*t2 Appendix 
or -Siuid qroper:ies i3 :nciuderi. 
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fluid that is higher in pressure or tzmpetature, Ls 
3 mote subject ta SC3iFr72, or has iettat heat transfer 

b. Reverse R&urn 

. 

pig. 7 Solar Collector Held Iayoats 

Pwus 
Ye various types of centrifugal and positive 

displacement pumps are discussed. A simple graphical 
metSod for sizFnq the pump is given including a calcu- 
1a:ion of the net positive suction head requirement. 
Fe advantage in parasitic power saving of using a 
vwFahla-speed pump is discussed. 19 system design- 
ers %ave also Seen reducing oarasit ic power by us Lq 

51.3; cat”, puma can he ooeraced alone or the :VO can be 
7poratad toget!ler. 

stsrtup head 
This is ideal far situations in 
is siqnificancly iiffarenr 5ron 

yorzal noeration head. 

Valves 
ALthough valve selection for a solar energy system 

is similar to that for conventional systems, there are 
sane differences. ZarLy solar IPH systems ‘were quite 
conservative Fn ctrms of valve selection. X Large 
number qf LsoLation and throttling valves were used, 
frtcreasinq the incidence of lea&ace and resul:inq tn 
. Large tSermal Losses. Since maintenance can >e 
?erfometi at :he end of the day, one does not need to 
h? able to LsoLaee ea2S collector row. XFminatfng 
13 n iacfon valves also reduces the ?umber of pressure 
t?lief valves aeet-ied. Another 3eans 9P teduc inq 
:ierral l,osses and cost and imurovinq rt?liabflf ty is 
io ~srj orifice olatos instead of ‘>alanciog waives. 

?eac T?xchanqers 
!!os 82 Ii &Se handbook discussion is based on the 

*USA 3f ?late heat aschangers for avoi2fnq Ltokape into 
:l-e wxoss ‘luid is nlso rtiscusse4. %Y :ube ?3sses 

?RSS rife recomedefi F2r solar 
3e o?tfxum I'lsv ~~pacIt:r r3tio (collec- 

‘-or si.ie t0 9 to raqe sLit) 

propertias is placed 3n the tube 3i2e. Sfnce thes* 
ifs_ not always consF3tcqt, engi2+eria4 ;urtgc3ent IUS: 
of:en he maf4.e. 

‘&en the o~t?aun eCOnO3iC31 heat exchange area F3 

derived, the result is a formlation of cbsts, collec- 
ior area, and coLL~,ctor heat iOSS coefficient as 

lolLow.5: 

where 
. 

.\ = heat exchanger area (XI’) 

AC = collector area (a’) 

FZUL = product of collector heaq, removal factor 
and loss coefficient (‘J/a--de8 C) 

33 = heat exchanger overall +eat trans ier 
coefficient Sased on mterfor :ube Jut- 
face (V/m*-deg C) 

Cc = cost of collectors (j/S')) 

C, * cost of heat exchanger (S/n’). 

The optimum area will of ten result Fn a DeWinter 
heat exchanger factor of 7, - 17.95, which multtplies 
the Fq value; i.e., the heat exchanger till cause a 5Z 
reduction in energy collection. 

=iow ;re- 

f 

Pig. 8 Bead-Flov Curoes for ?n, Centrifugal R-8 Fa 
?arallel 

6 
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Storage 
Both 3ensFSte and latent heat storage are discus- 

sed. The various types of tanks available and sui:- 
able stac34d locations are described. ( .ic tual tan’k 
sL.zFnq fs discussed in tSe energy collection/ deliver-7 
3i+ctfon.) get&Is of 3 method (13) of ftetenining the 
optirrum amount of :ank Fnsul.atfo?i?re described. TliS 

ts an Iietatfve procedure, which accounts for insula- 
tion cost and storage tank temperature. 

CONTROLS 

The handbook discusses the vartous types of 
controllers and control loops. Although constant flou 
rate is satisfactory for most solar energy applica- 
tions ( the USC of variable flow is discussed. use of 
a throttling valve with a two-speed plnop is the 
preferred method for controlling outlet temperature. 
X method is provided for determining the proper 
controller tuning constants. 

Startup/shutdown of collector field tracking or 
nontracking Fs discussed. Sfgure 9 shows a typical 
tracking control Flow chart. Freezing/stagnation 
protectFon !zust aLso be included in the control capa- 
bilfty. To prevent therzal shock damage to evscuated- 
tube vrtays ) the control system mst lock out pump 
startup when the collectors have been .stagnating tn 
the sun. The control system must be capable oP hand- 
Lfng emergency conditions, such as Low flow, high 
temperature, or high wind. 

- LOOP 2.3. 4. etc. 

I No 4 

xg. 9 *ical Trackiag ihaerol Flow aare 

Instrumentation and data acquisF:lon are needed to 
enabLe :he elan: owner to assess solar energy system 
gerfomance. The instruments required to measure flow 
rtte, :anperat*xc, pressure, and Level ate 3f;ailar to 
those required for nonsolat tystsms though Ianger ;rirs 
runs are 2ommon. To detaxxine solar rsdfatfon on the 
plane of a trough, it Fs recommended that ~VO 
pvranomecers, one total and one shadow 5and, 5e 
mounted on a trough. The direct radiation is the 
difference betveen the two. This system is reliable 
(provided the row containing the pyranometers is 
tracking) since the shadow band never needs to be 
adjusted (as a result of the tracking ;notion of the 
collector). AltSouqh a pyrheliometer is more accu- 
rate, it requires considerably more maintenance. 

If the budget perzits, a minicomputer is useful 
for data acquisition siace it can instantly provide 
calculated data, such as collector array efficiency. 
All equipment should be sheltered from dust, steam, 
water leaks, vfbratfon, and direct sunlight. ihttery 
backup will maintafn memory during power outages. 

IN!5TAIJA~OW AND S'E@TUF 

Considerable attention must be paid to proper 
installation of the collector array. Flat-oLate and 
evacuated-tube col.lectors should be coverad durirzg 
Lnstallatioa to prevent stagnation. .Ulowance for 
the-1 expansion of the piping and provision for ade- 
quate slope Fn drainable systems are important. 

Proper installation of Ifne-focus collectors is 
critical for achieving correct alignment for focusing. 
The support strxture mx3t he very rigid to ensure 
accurate tracking in windy weather. Xexhoses are a . 
point of weakness, and overflexing and torsional 
strasses msc be avoided. 

Solar system piping must have adequate allowance 
for the thermal expansion associated with wide the-1 
cycling. Pipe hangers and supports should be isolated 
from hot pipes to prevent heat Loss (see Big. 10). 
7alves in an oil system should be fnstalled horizon- 
tally so that leaks till not drip into the insulation. 
‘There a leak ts ?ossihle, a nonwetting insulation such 
as foamed glass shou1.i ie eapfoyed to rceduce rha risk 
oi fire. 
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%TlD 9 ?n 3ol.ar sysrettts are subjected to severe 

service due 50 thernal cycling and dally startup and 
shutdown. Correct allqnment of :he w.unp and ?otor is 

crlclc3l. ?edundant pumps are tecomnended to protect 
agalzs: ;yS:S? ti own t i3e , oarticularly for hiah- 
t+merature system. 

“roper sheckouc and startup procedures are essen- 
r-FaL :o ensure reliable operation. Sefore initial 
startup, all. lines should be flushed and punps should 
he run in. An *xtra fine screen should be used to 
protect the vp initially and shou.Ld be cleaned 
of ten. Pressure testing of the system should be per- 
forned. TypicalLy, this is done at 1501: of system 
des lqn pressure. A hydrostatic test is preferred over 
a pneumatic one. 

Fluid loading should occur sequentially wlthln 
zones chat can be isolated bct*&cn valves. Zkmttack- 
Cng collectors should be filled during periods of Lov 
F nsolation. If oil is being used, a vacuum should 
ffrsc be pulled on the system or a nitrogen purge 
should +e used. 

Xt t%e time of startup the system should be care- 
fully checked for leaks, and all instrumentation 
should he qonltgred. In the case of trackers, crack- 
ing accuracy should be checked and final adjustments 
trade. Sinulatlon of pump failure, overtemperature, 
Tower falLure, excess lve wind speed, insufficient 
insolation, etc. should be carried out to check for 
proper system tesoonse. Z%en startup is completed, 
perfonance testing should be performed during the 
Zirsc days of syscera operation. 

h checkout List is ,aiven Fn the handhook. Proper 
system checkout shouid proceed along system L:nes so 
CSac construction logic can he checked. T7e piping 

and Lnstrmentacfon .?lagram and syscen speci:ications 
3houI.d be checked otf iuring ?.aspection. 

The XP9 handboo’k xesents Cm cost-estixatlng 
approaches. ?he first aetSod uses tabulated results 
from recent studies of IPH system costs by !luellst 
kwoclates, Inc. (14). Table L shovs typical costs 
and ranges for vaxus XPH subsystems. Conditions 
that affect tSesc costs, such as sloped versus flat 
roof, fnternal versus external headers, are dlscus- 
sed. Since some economy of scale has been noted Fn 
large systems, a graph of correction factor versus 
collector area Fs qiven. 

The second method, cslled modular cost estiaatlng, 
is based on a computer costing program, ECOW4T, 
developed at SERI CL). This nethod calculates coca1 
system cost using a number of nultlplfcative factors 
aoplied to the collector cost. Cue factor accounts 
for process interface aacerlals, another accounts for 
engineerlnq design costs, etc. 

The zechod of Life-cycle mst analysis described 
Lz the handbook was developed hy Dickinson and 3rovr. 
(15). Vlth this method, one first calculates the lev- 
e-zed price of conventional fuel, 1ncLudi;lg Cue1 
escalation and fuel urllfzatfon efficiency. The lev- 
ellted price of solar energy Fs then calculated based 
on initial invesment, annual energy capacity cost, 

lkble 1 Cancepcual Phase Cost-Estimating Guide 
(Includes nacerials, Labor, contractor’s 
overhead and profft Fn 19St dollars) 

Subsystem Category 
cost 

Range 
Typical 

cost Units 

Collector array Sltr’hlilt 65-130 ‘iLO 
tiquld flat ?late 130-213 160 A, ?I 9- ? 

Xir flat place 1 SO-?,j!l 135 colLacc,?r arda 
3tacuateri tubes 7,so-!?5 320 
Tracking concerltrator 21 j-430 32j 

Support 
3 tructure 

Si. ngle function 
Xlltiple func:i>n 

30-160 
75-270 

“5 1 
~60 j 

Energy 
transport 

Tot vatar 35-185 150 
Lfquld-to-air heat L7r)-325 235 
Air heating 55-195 110 ’ 
Steam L LO-325 i95 
3eacfag and cooling 215-540 375 

S/m2 
co Llector area 

Storage 
(liquid) 

Unpressurized steel 0.20-9.77 g.A5 
tank 

2rsswrited J cseL 3.53-L.80 0.77 S/Liter 
tank 

Xberglass tank fl.Aj4.66 0.33 

Storage (air) 

5Iec trtcal and Fat 3atsr 20-jj 37 
controls >i3uid-to-:tir ‘qeat 39-35 7 

xii Yeatfilg 
55 s/x- 

L?(r-35 ’ : -(I 2otltctor 3rza 
Steam 2%!95 13n 
:lea:ilg md cooling .Lj-z:j 117 

Source: !!uei.lar :941. 
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dfscount rate, O&M costs, and taxes and insurance 
cc.3 CS . Ry equating the ievelfted prices of conven- 
iional Fuel ad solar energy, the project rate of 
retut? carr 5e sraohica1l.y 4ztersline4. 

3C-tce conventtonal financing at today's solar 
energy system prices vi11 ofren resuLt in a lass than 
'avorabLe rate 9f return, the handbook brieEly dlscus- 
ses alternative financing arrangements. This includes 

Leasing arrangements and Limited partnerships. TSe 
user is cautioned to consult a qualified tax con- 
sultant heforc pursuing any of these arrangements, 
however. 

SdFeRANDVISsIJES 

several fires in IPY systems have occurred. 

Though solar 

Ftoper 

energy 

use 

systems 

of insula:ion and tnstallation of valves are 

are generally 
considered benim, 

essential. 

there are certain issues pertinent 
to this technology that must be addressed. 

The fluids can also be highly toxic, and vhen this 

In the 
area of saietp, it should be noted that heat transfer 
fluids are often highly flammable and, Fn fact, 

2. Kutscher, C. F. and Davenport, 3. L., Ybnthlp 
?eporting Pequirments fct Sotar Industrial 
?rocess Zea: XeLd Tests,- S.EXZi!i!?-632-715, Sept. 
i380, %Lar ?nerov ?a sear:5 Institute, klden, 
bl0. 

7. Gordon, J.- M. and .2abl, A., Design, Analysis. and 
Outizization of Solar Industrial Process :ieat 
'lants T?ithout Storage, ?*+n-Curion 'u'niversity of 
the Fegen, tsrael, L5Sl. 

3. Yatscher, C. F. and 3ave2por:, F!. L., "Preliminary 
Operational xesults OE the Solar XndustrFal 
?tocess Xeat Xeld Tests," SERUTR-632-385R, June 
1381, Solar &et,7 Research Institute, Golden, 
cola. 

4. Kutscher, C. F., "Desiqn Considerations for Solar 
Industrial Process Stat Systems," SERf/TR-532- 
733, Yar. 1981, Solar tieray bsearch Institute, 
Golden, Cola. 

5. Hunu, R. D., “ERDA Facilities Solar Design tTand- 
book," ERDA 77-65, Aug. 1977, Los Alamos Xational 
Laboratory, Zas .Uamas, Ys. Yex. 

5. Franta, G. et al., "Solar Design Workbook," 
SERUSP-52-308, Aug. LS81, Solar Energy Research 
Institute. Golden. Cola. 

ta the case c3re .mst be taken to prevent con- 
ranination of notable 'vateras in a food-prOCeSSlint?. 

~9vertanoerature and pressure can result in scalding 
discharge from reltef valves, and these should be 

Located or piped in such a zay as to safaguard person- 
nel. Physical hazards, such as high-temperature re- 
ceivers, concentrated sunliqht, and ice fall-off from 
elevated collectors must be addressed. 

Potentially damaging environmental tzupacts of a 
solar aner,oy system can arise From the use of herbi- 
cite to clean a fteld before collector inseallacion, 
Disruption of the land after installation, and leaks 
and disposal of heat transfer fluid. 1 summalry of 
environmental regulations is included in the handbook. 

CLOS'INC IZEP?? 

TSis naper merely skim the surface ot the design 
sethodoloqp described in the &5O-?age handbook. Hoope- 

full7 , this dFscussi.on ;er-res 3s 3 useful summary for 
t+ose incarzstad t? tF?e :!esiq~ wDecrs of solar IX 
3yite-.s, mti 9s 3 ~;OOd intmduction f0t those 
LTtlnfiLng :o use :he '?aridbook. 

hrnrnEM;HEHTS 

ne author is deepl:? fadebted to his five i?H 
handbook coauthors: Xoger L. Davenport, 3ouglas h. 
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5. Kenneth Yfy. Thanks also to 3211 her and Jerry 
Greyerbiehl of the i;.S. Departnent of Energy, who 
supported this work. 
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